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Abstract: Range gated is a laser ranging technique that has been applied in various fields due to its 
good application prospects. In order to improve the effectiveness of this method, influence factors 
contributing to the system performance should be well understood. Thus this paper performs 
theoretical and experimental investigation to comprehend the effects caused by multiple factors on 
range gated reconstruction. Our study focuses on the distance, target reflection, and acquisition time 
step parameter where their impacts on the quality of range reconstruction are analyzed. The 
presented experimental results show the expected trends of range error to support the validity of our 
theoretical model and discussion which can be used in future improvement works. 
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1. Introduction 
Over the past decades, laser ranging has been a 
popular approach in optical metrology because of its 
unique characteristics of non-contact and non- 
destructive nature [1]. As of today, laser ranging has 
been applied in various fields such as oceanic and 
environmental research, surveillance, industry, and 
day-to-day applications [2].  
Range gated is a laser ranging technique 
operates based on time-of-flight (TOF) principle to 
measure the travel time between the emitted laser 
pulse and the pulse reflected from the target. Pulsed 
laser and sensor’s gate are controlled simultaneously 
to capture the reflected pulse where range r is 
determined from the round trip time t and the speed 
of light c. 
2
ctr  .                (1) 
Range gated has been a promising method in 
applications such as target detection and recognition 
[3], night vision [4, 5], underwater [6, 7], and 
three-dimensional (3D) imaging [8, 9]. Besides, 
continuous development in laser, sensor, signal 
processing, and computer technology further 
improves the cost effectiveness of this approach. 
The good application prospects motivate the study 
into the influence factors for range gated 
reconstruction which can contribute to improve the 
system performance. 
In a range gated system, laser pulse interacts 
with the target surface to generate a backscatter 
signal which contains the key information for range 
reconstruction. Hence, the quality of range 
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reconstruction strongly relies on the reflected laser 
pulse from the target which undergoes changes 
along the propagation. Essentially, the detected laser 
pulse is affected by the laser source, sensor, target, 
and atmospheric effect [11]. These parameters could 
change the characteristics and cause variations in the 
reflected laser pulse which directly impact the 
accuracy of range determination. The importance of 
laser intensity profile [11, 12], distance interference 
[10], sensor [13, 14], and scattering effects [16] 
were discussed in various literatures.  
In this paper, range gated reconstruction is 
analyzed theoretically and experimentally to obtain 
a comprehensive understanding and relationship 
between the influence factors and ranging 
performance. In Section 2, a brief of range gated 
technique is given, and theoretical derivation and 
analysis of 3D range gated reconstruction model are 
presented. On the other hand, the experimental setup 
for our investigation is described in Section 3. The 
impact of multiple influence factors is analyzed and 
discussed in Section 4. Finally, a conclusion is given 
in Section 5. 
2. Theoretical derivation of range gated 
reconstruction model 
Range gated approach operates based on TOF 
concept by measuring the round trip time between 
the emitted laser pulse and the pulse echo resulting 
from its reflectance off the target. The working 
principle of a range gated imaging system using 
time slicing technique is illustrated in Fig. 1. Pulsed 
laser is used as the illumination source, and gated 
camera is time delayed to open only for a very short 
duration normally in nanoseconds or picoseconds to 
capture the reflected image slice from the target over 
a distance. Synchronization between the laser and 
gated camera is particularly important. Camera gate 
remains closed when the laser pulse is emitted 
towards target. Camera gate is configured to open at 
the designated delayed time to capture the visible 











i=1, 2, …, n pixel 
②Reflected laser pulse & 
camera gate opens









Fig. 1 Operating principle of range gated imaging system. 
Based on time slicing technique [8, 9, 12], the 
camera gate G(t) is delayed by time ti with a time 
step tstep to acquire an image sequence i=1, 2, 3,…, n. 
Intensity captured in an image pixel Ii(x, y) is the 
incident energy of reflected laser pulse Pr(t) 
integrated when the camera gate is opened for a tgate 
time which can be expressed as 
2( , ) ( )i r i
rI x y P t G t t dt
c
      .     (2) 
Typically, the camera gate G(t) is assumed as 
constant; hence the pixel intensity relies on the 
reflected laser energy Pr(t). From laser detection and 
ranging (LADAR) range equation, the received 











              (3) 
where Pr and Pt are the received and transmitted 
signals across range r, and ɳsys and ɳatm represent the 
system efficiency factor and atmospheric 
transmission loss caused by absorption and 
scattering. D is the diameter of receiver aperture, 
and ρ is the target surface reflectivity. t  represents 
the laser transmitter beam diameter and angular 
divergence, and R  is the solid angle over which 
radiation is dispersed upon reflection.  
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Assume the target surface area A is equal to the 




t rA                 (4) 








           (5) 
where R   corresponds to the target reflection 
characteristics which we can represent with a 
bidirectional reflection distribution function (BRDF) 
model [18] where KS and KD are the specular and 
diffuse reflection constants,   is the angle of 
incidence and reflection, s is the surface slope, and 
m is the diffusivity coefficient.   
2
6 2







    
 (6) 
Gaussian form is commonly assumed for temporal 
function of the transmitted laser pulse Pt(t) where Po 
represents the transmitted power and p denotes the 
standard deviation of laser pulse [9, 13]:  
2




P tP t 
     
        (7) 
Accordingly, (5) can be written as 
2 2
sys atm


















       
 (8) 
Using time slicing technique, the summation of 
radiant energy in the image pixel can be seen as the 
integration over time slices step/idt t  as the time 
step for image acquisition is much smaller than the 
laser pulse width and camera gate [9]:  
step
( , )
( , ) ( , ) .i ii
i
I x y dt
I x y I x y
t
      (9) 
Based on (2), we can further simplify I(x, y) as 
step
( ) ( )
( , ) .r
P t dt G d
I x y
t
           (10) 
By substituting Pr(t) from (8) into (10) and assume 
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
       .   (11) 





















       
 (12) 
Signal to noise ratio (SNR) is an important 
parameter in analyzing the system performance [19]. 
SNR is defined as the ratio between the reflected 
intensity and the associated noises. For our range 
gated reconstruction, SNR can be expressed as 
follows after substitute 
i
i










I t I  
 
     (13) 
Uncertainty in the two-way travel time is given by 
the acquisition time step tstep; hence the expected 
range error can be written as 
step 2
i
2 2 SNR ( )
i i
i




  .    (14) 
Average range <r> and two-way travel time <t> 
of an image pixel (x, y) can be determined from the 
captured intensity over an image sequence i=1, 2, 




( , ) .







I x y t




    


   (15) 
The calculated range <r> strongly relies on the 
reflected intensity which is influenced by various 
factors as shown in (12). In addition, range accuracy 
is impacted by SNR which is proportional to the 
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reflected intensity when the system noise level 
remains unchanged. Generally, the decreased SNR 
results in higher range errors. Based on the range 
gated reconstruction model derived, the relationship 
between the reflected intensity I and various 
influence factors in the system is shown as well as 
their impact to the SNR and range error. 
Experimental study involves a few factors including 
the distance, target reflection, and acquisition time 
step to validate our theoretical discussion. 
3. Experimental setup 
In order to investigate the effects induced by 
various influence factors, an experimental setup as 
illustrated in Fig. 2 is used. A pulsed diode pumped 
solid state Q-switched Nd:YAG laser that operates at 
wavelength 532 nm with output energy up to 1mJ is 
used. Silicon high speed biased non-amplified 
photodetector with active diameter of 400 m and 
<300 ps rise/fall time is used to detect the laser 
pulses in the emitting or reflecting direction. 
Photodetector transforms the optical pulse into the 
usable signal for analysis via oscilloscope. 
Power supply 








Emitted laser pulse 
Reflected laser pulse 
 
Fig. 2 Schematic diagram of experimental setup to capture 
the emitted and reflected laser pulse for investigation. 
A backscatter signal is produced after the 
emitted laser pulse interacts with the target surface 
and is received by the detector in the form of time 
function. Two-way travel time across the distance 
between target and the detector is determined from 
the time difference between the emitted and 
reflected laser pulse. Correspondingly, the distance 
or range r  can be obtained based on the TOF 
principle. For our study, the experiment is designed 
to focus on three factors: distance, target reflection, 
and acquisition time step where the reflected 
intensity and range error are analyzed.  
4. Analysis of influencing factors 
4.1 Distance 
The reflected intensity model derived as (12) 
shows that the reflected laser energy underlies an 
inverse range-squared dependency. Using the 
experimental setup described in Section 3, variation 
of the reflected intensity across distance is studied. 
The analyzed results are summarized in Fig. 3 where 
it clearly shows an inverse range-squared 
relationship of the reflected intensity [10].  
 
Fig. 3 Measured reflected laser intensity versus 1/range2 
trendline [10]. 
 
Fig. 4 Comparison of range error versus distance/range 
under the same constant setup condition. 
Because of the reduced intensity over distance, 
SNR decreases, and we expect higher range error as 
deduced from (14). Figure 4 shows the range error 
calculated using weighted average method based on 
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30 measurements captured at different distances. 
The data sets are acquired under the same setup 
condition to ensure the range error is not influenced 
by other parameters in the system. The results show 
that an increase in distance causes a proportional 
decrease in the reflected intensity and leads to 
increasing range error as observed which agrees well 
with our theoretical discussion. 
4.2 Target reflection 
Reflected intensity strongly depends on the 
characteristics of the target surface [20]. Although 
Lambertian target (ideal diffuse surface) is 
commonly assumed due to its simplicity, target 
reflection is in fact far more complicated, and BRDF 
concept is normally used to describe that. Our 
theoretical model has adopted a BRDF model given 
by (6) which consists of specular and diffuse 
reflection to analyze the characteristics of reflected 
intensity in this study. Reflection off a rough surface 
returned in many directions leads to diffuse 
reflection while reflection from a smooth surface 
remains concentrated with the angle of reflection 
which causes specular reflection. Any target surface 
practically exhibits mixture of specular and diffuse 
behavior per surface properties such as roughness 
and absorption level. 
Simulation based on the BRDF model is shown 
in Fig. 5 where four examples of target surface 
model are compared. These include two extreme 
cases of pure specular and pure diffuse surface 
models, and two examples of mixed components 
surface with different ratios of surface glint to 
diffuse behaviour given by specular and diffuse 
reflection constants, i.e. KS/KD. The amplitude of the 
reflection is maximum when angle of incidence =0 
degree and decreases when  increases, adheres to 
the BRDF model. As a result, the decreased intensity 
causes the reduced SNR which gives rise to range 
error. 
 
Fig. 5 BRDF simulation as a comparison of different target 
surface models. 
For our experimental study, various target 
surface materials and roughnesses are tested. Figure 
6 compares the range error for target surfaces 
captured at 5 m, and the results are analyzed based 
on average of 30 measurements. From the results, 
we observe that the range error is higher for rough 
and weak reflective surfaces as compared to smooth 
and strong reflective surfaces [21] where these 
surfaces can be modeled using BRDF described in 
our theoretical model. In addition, the effect of angle 
variation is evaluated for various target surfaces 
where the corresponding range error is shown in Fig. 
7. It can be clearly seen that the range error is 
minimum at zero angle of incidence =0 degree and 
increases with the angle of incidence in general. 
This has demonstrated the angular dependency 
which agrees with the theoretical model discussed. 
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Fig. 6 Comparison of range error for target surfaces with 
different reflectivity and roughness. 












Fig. 7 Comparison of range error versus angle of incidence 
for target surfaces with different reflectivity. 
4.3 Acquisition time step 
From (12) and (14), it can be seen that the 
reflected intensity is inversely proportional to the 
time step used to acquire a series of image slices and 
error in the calculated range r shows direct 
dependency on the time step parameter. Under the 
same setup condition where all parameters are 
regarded as constants, range error is expected to 
increase with time step value in theory. Figure 8 
shows the range error trend analyzed based on 
average of 30 measurements. This set of 
experimental result clearly points out that a smaller 
time step should be selected to gain higher accuracy. 
However, the choice of the time step used is a 
trade-off between range accuracy and processing 
cost in terms of time and effort which should be 
taken into consideration. 
 
Fig. 8 Comparison of range error for different time steps. 
5. Conclusions 
In summary, this paper has demonstrated the 
influence of multiple factors on range gated 
reconstruction through theoretical and experimental 
investigation. Based on the operating principle of 
time slicing technique, LADAR, and BRDF, 
theoretical derivation of range gated reconstruction 
model is presented. Range accuracy shows 
dependency on the SNR which is proportional to the 
reflected laser intensity when the system noise level 
remains unchanged.  
Impact on the accuracy of range reconstruction 
is studied from the perspective of distance, target 
reflection, and acquisition time step. Each influence 
factor is analyzed theoretically, and experimental 
investigation is performed to validate the theoretical 
discussion. It is concluded that our experimental 
results agree well with the theoretical analysis where 
the expected range error trends are shown.  
The presented findings establish a 
comprehensive understanding of multiple influence 
factors which may benefit various applications and 
serve as references to perform correction or 
compensation. In future, follow-up improvement of 
range reconstruction can be proposed and additional 
effects caused by illumination, sensor, and noise can 
be included. 
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